ner, but GJIC walost rstoe to cntrl vlieu24h afe eroue Th hget ccattions of thte indiiul chemiastai no inhibtGCwa dtem dan mitue containing tw of these chemicl wee tete or their biit to ihit GJIC. S4ipifan inhbito of GJIC was observed when cel were treatedwit a mixtr of DDT3 an 2.4,5hecho-biphenyl ( Breast cancer is one of the most commonly diagnosed cancers in women (1, 2) . Breast cancer incidence has been increasing steadily in most highly developed countries (3) . This trend has been attributed to risk factors such as more women smoking and increased oral contraceptive use, as well as early menarche, late menopause, family history, "delayed" childbearing, and potential exposure to various environmental chemicals (1, 47) . There is growing concern that a large number of human-made chemicals that have been released into the environment and that have been found to persist and travel through the food chain, can cause cancers in laboratory rodents (8) (9) (10) .
Among these chemicals, pesticides, herbicides, polychlorinated biphenyls (PCBs), and polybrominated biphenyls (PBB) have been found in both aqueous and soil matrices and in the food chain associated with these environments (8) (9) (10) (11) . Many of these chemicals have accumulated in animals and humans through several routes of exposure. These accumulated lipophilic halogenated hydrocarbons have been speculated to play a causative role in various human diseases (12) (13) (14) (15) (16) (17) (18) . PCBs are embryotoxic in mink, neurotoxic during development in animals, and can alter uterine progesterone and progesten receptors (17, 19) . Although some bioassay data on rodents suggest that many of these pesticides and chemicals, such as the PCBs and PBBs, are carcinogens, in vitro and in vivo initiation-promotion bioassays suggest that most of these chemicals are acting as tumor promoters via nongenotoxic or epigenetic mechanisms (20 Because carcinogenesis is a multistep, multimechanism process, consisting of the operational steps of initiation, promotion, and progression (35) , and because both genotoxic and epigenetic mechanisms play a role in this complex process, it is important to consider these concepts in the design and interpretation of both animal bioassays and epidemiological studies of cancer. One of the facts related to the concern that these chemicals be assessed for their carcinogenic potential on human breast tissue is that data showing that most of these chemicals (DDT, PCB, PBB, dieldrin, etc.) are not genotoxic in rodent cells but are rather effective tumor promoters of liver cancers in rodents (36) (37) (38) .
In addition, most tumor promoters (e.g., phorbol esters, phenobarbital, saccharin, TCDD, DDT, dieldrin, toxaphene, PCBs, PBBs) have the ability to inhibit, in a reversible manner, gap junctional intercellular communication (GJIC) in various cells, in vitro, at noncytotoxic but at concentrations sufficient (e.g., threshold concentrations) to inhibit GJIC (37) (38) (39) (40) (41) . Inhibition of the communication of ions and small molecular weight molecules through these transmembrane protein channels between contiguous cells has been postulated to release initiated cells from the suppressing effects of signals passing from surrounding normal cells (42, 43) . Therefore, we designed studies to determine if several of the environmental chemicals found in the Great Lakes are able to inhibit GJIC in normal human breast epithelial cells, either alone or in specific combination with other chemicals. Results clearly indicate that these chemicals could block GJIC in these cells, and the concentrations needed to do so, in vitro, were lower when these chemicals were given in certain mixtures.
Materials and Methods
CeUl cultures. Normal human breast epithelial cells (HBEC) were obtained from reduction mammoplasty tissue specimens from seven patients (44) . Tissue 11 "Values represent means ± SD of the recovery rate of fluorescence dye per minute obtained from fluorescence redistribution after photobleaching assay for 9 min. bCytotoxicity was observed.
*Significantly different from vehicle control (p<0.05).
Environmental Health Perspectives * Volume 104, Number 2, February 1996 ml PBS containing 0.05% Lucifer yellow DH-rhodamine dextran (Sigma) was added to the petri dishes. The dye was loaded into the primary recipient cells by making six scrape lines on the monolayer with a sharp surgical blade. After 3 min of loading the cells with the dye, the solution was removed and the cells were washed with PBS. The plates were examined under Nikon epifluorescence inverted microscope with an appropriate filter.
To measure gap junctional communication using the fluorescence redistribution after photobleaching (FRAP) assay, after 24 hr of growth, the cells were washed with PBS containing calcium (0.9 mM) and magnesium (0.5 mM; PBS/Ca/Mg) and stained with 6-carboxyfluorescein diacetate for 9 min (46). The plates were then washed several times with PBS/Ca/Mg. The FRAP assay was performed using the Ultima image analyzer (Meridian Co., Okemos, Michigan). Individual cells were photobleached with a 488 nm laser and recovery of fluorescence intensity monitored at 3-min intervals for 9 min. Fluorescence intensity was corrected for photobleaching, which occurs during scanning of the control areas.
Immunofluorescent staining ofgap junctions. We immunostained connexin 43 (Cx43)-containing gap junctions in HBEC using a rabbit polyclonal antibody against Cx43. After treatment, the cells were fixed in cold 50% methanol and 50% acetone for 3 min and rehydrated with PBS; subsequently, nonspecific sites were blocked with 10% normal goat serum (NGS) in PBS for 30 
Results

Dose Selection Using Cytotoxicity Assay
To determine the cytotoxicity of these chemicals on HBEC, we examined the uptake of neutralred dye in viable cells using a microplate reader (OD 540 nm and 630 nm). We observed cytotoxicity after a 24-hr exposure to the following mixture of chemicals above these dose levels: 2,2',4,4',5,5'-HCB, 70 jiM; 3,3',4, 4',5,5'-HCB, 56 PM; for 2,2',4,4',5,5'-HBB, 64 pM; 3,3',4,4',5,5'-HBB, 160 pM; 2,2',3,3', 4,4',-HCB, 70 pM; DDT, 100 pM; dieldrin, 100 pM; and toxaphene, 10 pg/ml (mixture of compounds). Because it is important to measure a chemical's effect on GJIC at noncytotoxic doses, we determined the maximal noncytotoxic doses. On the basis of these dose levels, we selected doses to be used at a twofold dilution, up to the maximum noncytotoxic levels. amide gels and transferred to PVDF membranes at 20 V for 16 hr. We detected Cx43 using anti-connexin 43-specific monoclonal antibody (Zymed, Inc., San Francisco, California), followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibody and detected with the ECL chemiluminiscent detection reagent (Amersham Co., Arlington of these chemicals, 3,3',4,4',5,5'-HCB (0-56 jiM) and 3,3',4,4',5,5'-HBB (0-160 pM) did not inhibit GJIC. 2,2',3,3',4,4'-HCB (0-70 PM) also slightly inhibited GJIC in a dose-dependent manner (Table   1 ). DDT (0-100 PM), dieldrin (0-50 pM), and toxaphene (0-10 pg/ml) inhibited GJIC in a dose-dependent manner after a 90-min treatment, as assayed by fluorescence dye transfer (Fig. 1) (Table 2 ). Significant inhibition of GJIC was observed in HBEC treated with 2,2',4,4',5,5'-HCB 6-12 hr after treatment, 3,3',4,4',5,5'-HCB 24 hr after treatment, 2,2',3,3',4,4'-HCB 3-6 hr after treatment, 2,2',4,4',5,5'-HBB 3-12 hr after treatment, and 3,3',4,4',5,5'-HBB 3-12 hr after treatment (p<0.05). After 24-hr exposure to these chemicals, the rates of dye recovery were restored to 70-80% of control levels ( Table 2) .
The time-dependent manner by which DDT (50 PM), dieldrin (25 pM), and toxaphene (10 pg/ml) inhibited GJIC in HBEC is shown in Table 3 . Dieldrin and toxaphene inhibited GJIC by 70-80% after 3 hr and 30 min of exposure in HBEC, respectively. Recovery of GJIC was not observed within 24 hr. However, although DDT inhibited GJIC by 50% after 12-hr exposure, recovery of GJIC to 75% of control levels was seen within 24 hr.
DDT (6 pM), dieldrin (3 pM), 2,2',4,4',5,5'-HCB (14 pM), and 2,2',4, 4',5,5'-HBB (8 pM) did not inhibit GJIC after a 90-min treatment in HBEC at the lower dose levels used, compared with controls (Fig. 3) . However, among these chemicals, the mixtures of DDT (6 pM) and 2,2',4,4',5,5'-HCB (14 jiM) , as well as dieldrin (3 pM) and 2,2,4,4',5,5'-HCB (14 pM) , significantly inhibited GJIC (p<0.05; Figs. 2D-F, 3 ).
Connexin 43 Proteins
Membrane-localized gap junctional plaques were readily apparent in control cells (Fig.  4A) . Cells treated for 90 min with dieldrin (25 pM; Fig. 4C), 2,2',4,4' ,5,5'-HCB (28 pM; Fig. 4D ), DDT (50 pM; data not shown) in membrane plaques of gap junction were missing from the cell membranes. This change was accompanied by numerous cytoplasmic spots (Fig. 4D), suggestive of gap-junction internalization. Rate of dye transfer/min in cells treated with dieldrin, the subcellular localization of gap junction proteins was perinuclear (Fig. 4D) .
Using Western blotting, we examined the changes in Cx43 protein levels, as well as the degree of phosphorylation of the Cx43 protein following treatment of the cells with these environmental pollutants. In HBEC, two major bands were detected with a monoclonal antibody specific for Cx43 (Fig. 5B) .
Treatment of cell extracts with calf intestinal alkaline phosphatase before protein electrophoresis resulted in the disappearance of the upper band on Western blots (Fig. 5C ). This indicated that the upper band was the phosphorylated, and the lower band was the nonphosphorylated species of Cx43.
Cells treated with the vehicle controls (ethanol or DMSO:acetone = 1:1) resulted in a slight reduction of the amount of phosphorylated Cx43 with no apparent loss of GJIC (Fig. 5A) as compared to the untreated controls (Fig.. 5B) . Cells treated with DDT, dieldrin, toxaphene, and 2,4,5,2', 4',5'-HCB at doses which lead to reduced GJIC, display reduced levels of the phosphorylated Cx43 species (Fig. 5A) as compared to vehicle controls. Cells treated with DDT, dieldrin, and 2,4,5,2',4',5'-HBB at doses which do not affect GJIC display levels of phosphorylated Cx43 similar to that of the vehide controls (Fig. 5B) . Cells treated with 2,4,5,2',4',5'-HCB (14 IiM) displayed a slight increase in the phosphorylated Cx43 band (Fig. 5B) . Treatment of cells with mixtures of DDT (6 jIM ) and 2,4,5,2',4',5'-HCB (14 pM), at doses which singly do not affect GJIC, results in further reduction of the phosphorylated Cx43 levels (Fig. 5B) and greatly reduced GJIC. An apparent loss of the phosphorylated Cx43 species was observed in cells treated with a mixture of dieldrin (3 IiM) and 2,4,5,2',4',5-HCB (14 pM; Fig. 5B ).
To determine if treatment with these environmental halogenated hydrocarbons altered the level of connexin gene transcripts, the steady-state levels of Cx43 mRNA were analyzed by Northern blotting cells treated with each chemical for 90 min. The data (Fig. 6) showed no significant difference between control cells and these environmental pollutant-treated cells, alone or in mixture.
Discussion
It is assumed that inhibition of gap junctional intercellular communication is a mechanistic marker for several toxicological endpoints, such as teratogenesis, tumor promotion, and reproductive and neurological toxicity (20) . Therefore, the experiments reported here, using several pollutants known to inhibit GJIC in rodents cells in vitro and to be either teratogens, tumor promoters, neurotoxicants, or reproductive toxicants in animals (10, 17, 19) , have shown that these chemicals could inhibit GJIC in normal human breast epithelial cells. These studies were prompted by some epidemiological evidence that human exposure to these chemicals via the food chain might be responsible for several human health effects, including breast cancer (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . This study has shown that DDT, dieldrin, toxaphene, and PCB and PBB congeners could inhibit GJIC in normal human breast epithelial cells. Furthermore, these chemicals inhibited GJIC in a reversible manner indicating the effect was not due to a cytotoxic effect and that noeffect or threshold levels existed for each chemical. Interestingly, specific chemicals, which individually did not inhibit GJIC at a given concentration, could, when mixed with another chemical which also did not inhibit GJIC at a certain concentration, interacted to inhibit GJIC.
These studies also demonstrated some differences, as well as some similarities, in the behavior of the normal human breast epithelial cells when compared to rat liver epithelial cells (WB-F344 oval cells). For example, in WB-F344 cells, TPA treatment at a dose level of 10 ng/ml significantly inhibited GJIC (39) , but 360 ng/ml TPA had no effect on GJIC in normal human breast epithelial cells (data not shown). On the other hand, DDT, dieldrin, and toxaphene inhibited GJIC in normal human epithelial cells in a manner similar to rat liver WB-F344 cells (39, 40 (Fig. 4) One of the recent concerns of many of the environmental halogenated hydrocarbons is that they might have estrogenic activity, and it is the estrogenlike properties of these chemicals that are responsible for their toxic effects. Soto et al. (22) showed that pesticides such as DDT, dieldrin, and toxaphene are estrogenic in MCF-7 human breast cancer cells. Other groups have suggested a structural relationship to steroid hormones, particularly estrogen and PCB congeners (21) . Because humans are exposed to many of these kinds of estrogenlike chemicals (natural and humanmade) in their food supply and because several combinations of these chemicals in mixtures can affect GJIC when no single chemical could, the theory that these chemicals might be tumor promoters of human breast cancers could be entertained as possible contributors to the multistage nature of human carcinogenesis.
However, caution must be used in the interpretation of these data. First (20) . Therefore, these chemicals are probably not tumor initiators but tumor promoters. To be tumor promoters in animals or humans, these chemicals must be present at or above threshold levels ito inhibit GJIC and must be acting on preexisting, initiated cells for long periods of time on a regular exposure basis (52) .
Recent studies in our laboratory have shown that the normal human breast epithelial cells used (44) in these studies (type II) do not express the estrogen receptor. Therefore, the chemicals used in our studies inhibited GJIC via nonestrogen receptor mechanisms, even though these chemicals are estrogenlike compounds. What is not known is whether an initiated human breast epithelial cell would behave differently from these normal breast epithelial cells when exposed to these chemicals. Future studies will have to be done on normal human breast epithelial cells that express estrogen receptors.
In summary, normal human breast epithelial cells exhibit functional GJIC (44) , which can be inhibited by noncytotoxic concentrations of DDT, dieldrin, and toxaphene, as well as 2,2'4,4',5,5'-HCB and 2,2',4,4',5,5'-HBB, in a dose-dependent and reversible fashion, with each showing a no-effect or threshold level. Specific mixtures of two of these chemicals showed that, while each alone did not inhibit GJIC, the mixtures did. Therefore, while these chemicals can inhibit GJIC in normal human breast epithelial cells in vitro, it remains to be determined if they can inhibit GJIC in vivo and if these chemicals would affect initiated human breast epithelial cells the same or differently from the way they affect normal cells. Since the inhibition of GJIC has been hypothesized to play a role in the promotion/progression phases of carcinogenesis (35) , and since the environmental toxicants used in these studies do inhibit GJIC in animal cells in which they also act as tumor promoters, these studies indicate that these chemicals might exert some human health effects if they meet all the conditions to inhibit GJIC in vivo.
